Travel times and waveforms of long-period SH-waves recorded at distances of 10-30" and some SS waveforms are used t o constrain the upper mantle velocities down t o a depth of 400 km beneath both the lndian Shield and the Tibetan Plateau. The shear velocity in the uppermost mantle beneath both the lndian Shield and the Tibetan Plateau is high and close to 4.7 km s-'. The Indian Shield has a fairly thick high velocity lid. and the mean velocity between 40 and 250 km is between 4.58 and 4.68 km s-'. In contrast, S-wave travel times and waveforms of S-waves, as well as a few for SS, show that the mean velocity between 70 and 2 5 0 k m beneath the central and northern part of the Tibetan Plateau is slower by 4 per cent or more than that beneath the Indian Shield and probably is between 4.4 and 4.5 km s-'. No large differences in the structure of the two areas below 250 km are required to explain both the arrival times and the waveforms of SH phases crossing Tibet or the Indian Shield. These results show that the structure of Tibet is not that of a shield and imply that the Indian plate is not underthrusting the whole of the Tibetan Plateau at the present time.
Introduction
The Tibetan Plateau is one of the major products of the collision of India with Eurasia. Although many recent studies have brought information on the geological structure and active deformation of its southern part and a better knowledge of the suture zone north of the Himalayas, the dynamic processes that lead t o the formation and maintain the mean elevation of 4500 m over the plateau are not well understood and are controversial. Because of its obvious importance for constraining these deep processes, the seismic velocity structure of the Tibetan Plateau has been the subject of many studies. These studies have consistently used group and phase velocities of fundamental mode surface waves (e.g. Chen & Molnar 1981; Romanowicz 1982; Jobert et al. 1985) and observations of P, and S , waves (Ni & Barazangi 1983; Chen & Molnar 1981) . The best resolved features outlined by these studies are: a thick crust of 70 k 10 km (see also Hirn et al. 1984 ) with a low mean crustal shear wave velocity of 3.4-3.5 km s-' and high uppermost mantle P, and S , velocities o f at least 8.1 and 4.7 k m s-l underneath most of the plateau.
Barazangi & Ni (1 982) used the evidence of high P, and S , velocities t o infer the existence of a thick, high velocity lid beneath the plateau and t o argue that the structure of the plateau is that of a shield, like India. They interpreted this as an indication that the Indian plate as a whole is now underthrusting beneath the entire plateau and is responsible for the formation of the 70 km thick crust and high elevation. If this were true, the mean mantle velocity in the upper 200 km or so of the Tibetan Plateau should be relatively high and comparable t o that of the Indian Shield. Unfortunately, dispersion of fundamental mode surface wave data cannot resolve the velocity structure below 100 or 150 k m , and trade-offs occur when trying t o constrain various parameters such as the crustal thickness and the mean upper mantle velocity (Chen & Molnar 1981) . By contrast, Chen & Molnar (1981) argued that the high P, and S, velocities d o not require a particularly cold and strong upper mantle.
Moreover S-P residuals, calculated from the Jeffreys-Bullen tables for earthquakes within the plateau, indicate that the mean shear velocity in the upper 4 0 0 k m of the mantle is lower than that beneath the Himalayas (Molnar & Chen 1984) . Their studies, however, d o not provide any constraint on the depth range of material with these apparently low velocities. The purpose of this study is t o constrain the shear wave velocity structure of both the Indian Shield and the Tibetan Plateau down t o a depth of about 400 km. The dispersion of higher mode surface wave could provide such constraints, but higher modes are difficult t o isolate in particular on the short paths confined exclusively t o Tibet. Recent work using long-period body wave data has demonstrated that the travel times and waveforms of SH-waves recorded at distances u p t o 30" and of SS recorded between 30" and 60" can provide tight constraints on the large-scale velocity structure of the upper 670 km of the mantle and particularly of the upper 400 km (e.g. Rial, Grand & Helmberger 1984; Given 1984) . In this distance range the waveforms are controlled by the interference of phases created by first-order velocity discontinuities in the upper mantle. Specifically, the distinction between a structure with a thick lid and a poorly developed low velocity zone and a structure with a pronounced low velocity zone can easily be made by measuring SS-S travel times, relative amplitudes of SS-t o S-waves and by synthesizing waveforms . I first present an analysis of long-period SH phases for the Indian Shield, then show some evidence that the upper mantle velocity beneath the Tibetan Plateau is significantly slower than that beneath the Indian Shield and try to put bounds on the velocities there.
Data collection and procedure
Seismograms from earthquakes at the border of the Indian Shield, mainly in Burma and the Himalayas, and recorded at the WWSSN stations on the shield (HYB, KBL, KOD, LAH, NDI, NIL, QUE, SHL) were selected t o study the Indian Shield (Table 1) . To study the plateau, seismograms from earthquakes within the Tibetan Plateau or at the edge of it were selected (Fig. 1, Table 2 ). I collected long-period S-waves with a large signal to noise ratio from simple, shallow, moderate-sized earthquakes (mb = 5.5-5.9) with, in most cases, reliable Because it is necessary to identify phases created by discontinuities in the velocity structure, I avoided using complex earthquakes. The best way to know if an earthquake has a simple source time function is to analyse the teleseismic P waveforms. Such analysis has been done for some of the earthquakes used here (Molnar & Chen 1983; Baranowski etal. 1984) . For other earthquakes I looked at a few teleseismic P-or S-waves to check that the signal wasnot complicated and t o estimate the width of the time function. Some earthquakes were too small, and for such events I picked the S-waves when the signals looked simple or resembled signals at similar epicentral distances. In any case, in the period range used here (essentially longer than 10s for the seismograms from the WWSSN stations), small earth- First, a travel-time curve was constructed by directly measuring the S-wave arrival time on the long-period seismogram. 1 corrected the origin times of the earthquakes given by the ISC in such a way that they all would have occurred at 10 km depth, assuming a vertical slowness of 0.15 skm-', which is appropriate for a ray leaving the source with an angle of incidence of 25.8" and a P-wave velocity of 6 km s-' at the source. For a couple of reasons it seems more appropriate to proceed in this way rather than correct each observed phase with its own siowness. First, the depths of the earthquakes are almost certainly between 0 and 20 km (Molnar & Chen 1983; Baranowski et al. 1984) and were an ISC depth in this range correct, the difference in the depth corrections using 0.15 skm-' for slowness or using the appropriate slowness of the phase would at most be 0.5 s for S , phases refracted at the Moho, which would be the extreme case. Second, depths assigned 30 km by the ISC reflect unconstrained depths, and because these events are located essentially only with arrival times from stations at distances between about 40" and 70", a correction of 0.1 5 s km-' seems appropriate. Since most of the earthquakes used here are corrected to a shallower depth, the time correction is almost always in the same sense, and errors in the correction would introduce only a systematic shift in travel times. Because the main interest is to compare the travel-time curve of the Indian Shield with that of Tibet, this procedure should not affect the conclu-sions of the study. Moreover, errors involved in the depth corrections are of the same order of magnitude as those due to measuring arrival times and probably are smaller than those due to mislocation of events, which are likely to be systematic also. Mislocation by l O k m can introduce errors in travel times as large as 2 or 3 s.
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Synthetic seismograms were computed using the WKBJ method (Chapman 1978) . This technique has been compared with the more exact generalized ray method by and Given (1984) . The WKBJ method does not account for diffracted energy, which leads to an inaccurate calculation of amplitudes beyond the end of triplication branches. A detailed study of the velocity structure near discontinuities would require the use of a more exact technique, but since this study concentrates on the large-scale features, the WKBJ method is sufficient. The Green's functions calculated by the WKBJ method are then convolved with the instrument response, with the source time function, and with an anelastic attenuation operator (Futterman 1962 ) that is commonly used in the synthesis of body waves which assumes that most of the attenuation occurs in the upper part of the mantle. For shallow earthquakes, usually a trade-off occurs between the duration of the time function and the assumed focal depth. When computing synthetic seismograms I generally found that changing the earthquake's source parameters changed the details of the waveforms but did not affect the more prominent features that are controlled by the triplication of the travel-time curve.
Since the number of clear waveforms for both the Indian Shield and the Tibetan Plateau is quite small (15 each) and the distance coverage sparse, only gross features of the velocity structure can be resolved. By keeping some parameters fixed 1 concentrated on those features that have the clearest signature in the waveforms. Specifically, I started from the structure derived by for the Canadian Shield from a large data set and perturbed it until it yielded a good match t o the travel-time curve and the waveforms for the Indian Shield. In doing this the structure below 400 km and the position and size of the 400 km discontinuity were kept fixed. Since the main features in the signals could be explained by perturbing only the structure in the upper 400 km and since studies using the same technique as the one used here to compare areas as different as the Canadian Shield and the Alpine belt (Rial et al. 1984) , have not yet revealed resolvable heterogeneities below 400 km, this is probably a good approach. In addition, inversion for the velocity structure of the western United States on a data set similar to that used here (Given 1984) shows that long-period body waves cannot resolve the position of a discontinuity to better than 10 or 20 km.
Indian Shield
After correcting for focal depth there remains some scatter in the travel times (Fig. 2) . Nevertheless, the characteristics of a structure with a high velocity lid are easily seen: at a distance of 1Oo-2O0, the first arrival is the S, phase that propagates with an apparent velocity equal to the S-wave velocity in the lid and is the long-period component of the short-period S, phase observed by Ni & Barazangi (1983) and Huestis, Molnar & Oliver (1973) . The velocity in the lid is about 4.7 km sC1 in agreement with estimates from those two studies.
A second strong arrival created by reflections from the 400 km discontinuity, follows the S, arrival by about 20 s at a distance of 17.5" (Fig. 2) . (See also fig. 20 of to observe the similarity between seismograms from the Canadian Sheld and the Indian Shield at those distances.) The time separation between S, and the reflection from the 400 km discontinuity fixes the mean velocity in the mantle shallower than 400 km.
The mean velocity between 250 and 400 km, however, should be constrained by the Table 1 . Some typical waveforms of SH components, identified by the earthquake's number and the station's name (see Table I ) , are shown on the profile to the right. The waveforms are also aligned using a velocity of 4.7 km s-'. Arrows identify phases. Only the arrival times of the first phase and of the reflection from the 400 km discontinuity between 15" and 20" can be measured. At distances greater than 24" secondary phases can be identified but their onset times cannot be measured. Different symbols arc used depending on the path: (A) for path almost completely in the Indian Shield, ( 0 ) for path partly within the Himalayas or Tibet. Open symbols are readings of first arrivals, closed symbols are readings o f secondary arrivals. The travel-time curve plotted is calculated using the velocity structure SH listed in Table 3. observation of the 400 km branch beyond 24" because the corresponding ray spends most of its time in this depth range and the phase starts to be well separated from the two first phases corresponding to rays bottoming below and above the 660 km discontinuity. The velocity gradient in that depth range should be constrained by the amplitude of the arrival
Figure 3. Comparison of observed SH waveforms for the Indian Shield with waveforms computed using the velocity structure SH listed in Table 3 . The first arrivals for the synthetic and the observed seismoprams have been aligned. 1:nch waveform is identified h y the earthquake's number and the recording station (Table 1 ) .
and by the maximum distance where it can be seen. There is, however, only one good observation recorded at 26.6" (Fig. 3) . The seismogram recorded at 28.2" is not of very good quality, but it seems that the 400 km branch is either small or absent (Fig. 3) . If this is true, the velocity gradient between 250 and 400 km should be fairly high t o end the 400 km branch near 28". At the same time the mean velocity in the upper 250 km should be high enough t o satisfy the travel times between 15" and 20". The combination of these two constraints seem to indicate that the lid is fairly thick (-100-130km) with a velocity near 4.7 kms-'. The thickness of the lid, however, cannot be well resolved by this study. After different trials the mean velocity at depths of 40-250km is constrained to lie between about 4.58 and 4.68 km s-l if the velocity structure deeper than 400 km is fixed. These two extreme values correspond to a variation of 4.5 s in the arrival time of the reflection from the 400 km discontinuity at 17.5". The lower value of 4.58 km s-' is consistent with an SS-S time difference observed from an earthquake in Pakistan and recorded at station KMI (Fig. 4) , while the higher value of 4.68 kms-' yields a calculated SS-S time difference about 7 s too small. For this path neither the epicentre nor the recording station are on the shield, and the bounce point is in the Ganga Basin where the SS phase can easily be delayed by 2-3 s in the thick pile of sediments. Additional delay because part of the path is not beneath the shield is likely. In summary, 4.58 and 4.68 km s-l are bounds consistent with both S and SS-S travel times for the velocity between 40 and 250 km in the Indian Shield. More precisely, the mean velocity oetween 40 and 140 km is very likely t o be between 4.65 and 4.7 km s-' .
Synthetic seismograms computed using the velocity structure listed on Table 3 are compared with observations for a wide range of distances (Fig. 3) . The seismograms most important in constraining the velocity structure in the upper 400 km are those recorded at distance of 15", 17.5" and 26.6" which were discussed above.
No noticeable difference in travel times or waveform can be found between the paths that sample the Indian Shield and those that sample a large part of the Himalayas, and they have been studied together. Assuming a 55 km thick crust beneath the Himalayas with a velocity structure otherwise similar to that of the Indian Shield, the S,-wave should be delayed by about 2 s and the reflection from the 400km discontinuity by about 1.5 s at a distance of 15"-20". These delays are within the scatter of the arrival times and, even if they were present, they could not be detected. Thus, the data collected for this study do not show evidence that the structure beneath the Himalayas is different from that of the Indian Shield. The arrival times, however, would also be consistent with a mean velocity slightly higher beneath the Himalayas than beneath the Indian Shield.
Comparison of S-waves across the Indian Shield and Tibet
SS P H A S E S
First-order differences in upper mantle velocity structure can be quickly observed by comparing SS-S differential travel time and amplitude ratios of SS-to S-waves, as clearly demonstrated by Rial er d ' s (1984) study ofpaths sampling the Alpine belt and the European platform or by comparison of the structure of the Canadian Shield and the Western United States. The effect of local structure at the epicentre or at the receiver is largely, but not completely, eliminated by using the differential time SS-S, because the angles of incidence of the S-and SS-rays do not differ much. Thus large anomalies in SS-S time differentials can be attributed to the structure along the SS paths but not very close t o the epicentre or receiver. Because lateral heterogeneities tend to decrease with depth, large anomalies are likely to be due to relatively shallow structures and thus t o be created by structures more concentrated near the bounce point. Amplitude ratios of SS-to S-waves can change very rapidly with distance because constructive interference occurs near triplications that are located at different distances depending on the velocity structure.
A good coverage of distances from 30" to 60" is needed to make a detailed study such as . Because of the epicentre-station geometry, SS phases that bounce beneath the Indian Shield or beneath Tibet are very few, and we show here (Fig. 4 ) the only ones that we could collect. They do not sample a large distance range but provide good evidence for a slower upper mantle beneath the Tibetan Plateau than beneath the Indian Shield. At the top of Fig. 4 , a comparison of two SS waveforms is shown, one bouncing beneath the Ganga Basin and with a large part of the path beneath the shield, the other one sampling the northern part of Tibet. They have travelled almost the same distance, but their SS-S time differentials differ by about 25 s. At a distance of 37.5", the first ray with a large amplitude in the SS waveform is a ray bottoming near the 400 km discontinuity, and this is the one delayed by about 25 s in the Tibetan path compared to that in the Indian Shield path.
To compare directly delays along these two paths, it is necessary to evaluate the delay created at a bounce point beneath Tibet due to the presence of a thick crust with a lower mean velocity than that of the Indian Shield. This was done by comparing S travel times calculated for the structure obtained for the Indian Shield with those for a structure having the same upper mantle velocities but with a Moho at a depth below sea-level of 70 km and a mean crustal velocity of 3.45 km s-'. For rays bottoming near the 400 km discontinuity, the difference in S-wave travel times is about 9 s at distances of 17"-20". ?'he same difference will also exist between SS phases bouncing off the top of these structures and recorded at distances of 34" -40". One also must account for the delay due to the extra 4500 m of topography in Tibet. Assuming a low velocity of 2.55kms-' in these 4500m (Chen & Molnar 1975) , an upper bound on the delay is 4 s. Thus an upper bound on the difference in SS-S time differential expected from the difference in crustal structure is 13 s.
This estimate was obtained assuming a crustal structure for Tibet with a mean velocity lower than the bounds obtained from studies of surface wave dispersion. With the addition of the 4500m, the crust is 74.5 km thick and the mean velocity is 3.4 km s-' while studies of surface wave dispersion suggest ranges from 3.43-3.5 km s. * (Chen & Molnar 198 1 ; Romanowicz 1983; Brandon & Romanowicz 1986 ). Most of the delay, apart from that due to excess topography, is not due to a longer time spent in the upper 7 0 k m but to a longer path in the upper mantle below 7 0 k m ; because of the lower velocity in the Tibetan crust, the angle of incidence in Tibet is smaller than that in the Shield and the time spent by the ray in the Tibetan crust down to a depth of 70km is almost the same as the time spent by the same ray through the crust and upper mantle of the Indian Shield down to 70km. The horizontal distance travelled by the ray, however, is less in the case of the Tibetan crust than in the case of the 38 km thick Indian Shield crust (Kaila 1982 ) and upper mantle.
The differences in arrival times of SS and S in Fig. 4 show that the SS phase that bounces beneath Tibet is delayed by at least 12 s in the upper mantle compared to the one bouncing beneath the shield. Probably part of this delay is localized in the area near WHN, where surface wave dispersion suggests mean upper mantle velocities equal t o or less than 4.5kms-' (Wier 1982; Feng 1982) . Nevertheless, for a velocity structure t o yield the observed SS-S time of about 185s the mean upper mantle velocity from 70 to 250km depth cannot be larger than 4.4 km s-' if the mean velocity from 250 to 400 km is not lower than beneath the Indian Shield. A mean velocity of 4.4 km s-' predicts an SS-S time of 183 s at 37.5" while a mean velocity of 4.5 km s-' predicts an SS-S time of 177 s. The difference in arrival time of S and SS for another path at a distance of 35.8" recorded at LZH (Fig. 4) , and bouncing beneath northern Tibet requires the same low average upper mantle velocity of 4.4 km s-'.
Evidence that the mean velocity between depths of 250 and 400 km beneath the Tibetan Plateau is not lower than that beneath the Indian Shield comes from travel times and waveforms of direct SH phases and is described below.
The large amplitudes of SS compared t o those of S at distances of 41" and 44" also indicates the presence of a low upper mantle velocity. The large amplitudes of SS cannot be explained by a structure similar to that of the Indian Shield down to 400 km (model SH on Fig. 5 and Table 4) nor by a structure similar to that of the Indian Shield down to 250 km and with a lower mean velocity between 250 and 400 km (model TIL on Fig. 5 and Table 4 ). Fig. 4 for the location of the path) to KBL and QUE with synthetic seismograms computed using a structure with a shallow low velocity zone (TI, Table 41 , with low velocities below 250km (TIL, Table 4), and with a shield structure (SH , Table 3 ) modified by replacing the 38 km crustal thickness by a crustal structure for Tibet such as that used in TI ( Table 4 ). Note that model TI, with a shallow low velocity zone, can explain the relative amplitudes ofS-to SS-waves better than does SH or TIL. This is due to the interference of the ray bottoming near the 400 km discontinuity with a ray bottoming below the low velocity zone.
A structure with a low velocity zone between 120 and 250 km, however, can explain both the amplitudes and shapes fairly well (model TI on Fig. 5 and Table 4 ). In this case the large amplitude is created by the combination of two rays, one reflected from the 400 discontinuity and the other bottoming below the low velocity zone between 250 and 300 km. In the case of model TIL and SH there is no ray bottoming in this depth range, Although it is not possible to constrain the extent of or the velocity in the low velocity zone because no ray bottoms inside it, the mean velocity from 70 to 250 km should be between 4.45 and 4.5 km s-' to match both the arrival times and amplitudes of SS. This is somewhat higher than the 4.4 km s-l required by the SS phases recorded at 37.5" and 35.9" (Fig. 4) . A mean velocity of 4.4 km s-l would predict SS-S times about 4 s longer than those observed for the paths in Fig. 4 . This kind of difference in travel time has been observed on paths through much more homogeneous structures than those studied here and may be due to localized heterogeneities at the bounce point. Alternatively delays of 4 s could result from the two receivers (KBL and QUE) being located in areas with higher velocities than the area around LZH or WHN. In fact, the two SS phases with the largest delays (to WHN and LZH, Fig. 4 ) sample the northern most part of Tibet where Ni & Barazangi (1983) found that &,-waves do not propagate efficiently and where Molnar & Chen (1984) observed the largest S-P residuals.
Thus the travel times and amplitudes of SS require a low velocity zone in the upper mantle of northern and central Tibet of 4.4-4.5 kms-l. But by themselves they are not sufficient to put tight constraints on the velocity in the uppermost mantle of Tibet. A comparison of SH phases recorded at distances of about 17.5" and sampling different regions provides constraints on the upper mantle velocity beneath Tibet (Fig. 6) . On the seismograms shown, an S , phase with a small amplitude is followed by a large signal that represents energy reflected from the 400 km discontinuity. The seismograms are aligned with a reduced time calculated assuming a 4.7 km s-l velocity. For the two paths that cross only part of Tibet (to HYB and to QUE) the arrival from the 400 km discontinuity is delayed by about 8-9s compared with that for a path purely in the Indian Shield (to NDI). In contrast, note that the two paths from earthquakes in the Tien Shan to SHL do not sample the uppermost part of the mantle beneath Tibet and the arrival from the 400 km discontinuity comes almost at the same time as that for the Indian Shield path. The change in travel time of the reflected phase from 400 km is about 2.8 s per degree. Thus the reflected phase from the 400 km discontinuity at SHL (A = 17.89") should arrive about 1.3 s earlier there than at NDI (A = 17.46") if the mean upper mantle velocities were the same. In fact it arrives about 2 s earlier (Fig. 6) . If the delays along paths from the Tibetan earthquakes were due only to the crustal structure there, either the crust would be 70 km thick with a mean crustal S-wave velocity less than 3 kms-' or lOOkm thick with a mean S-wave velocity of 3.46 km s-I. Clearly these structures are not compatible with surface wave dispersion and a maximum delay of 4.5 s is calculated assuming the crustal structure listed in Table 4 . Because part of the delay due to the crustal structure is already taken into account in the origin time of the earthquakes, the delay of 4.5 s is a maximum delay. Assuming a P-wave velocity of 6.8 km s-l in the lower crust and of 8 km s-' in the uppermost mantle, the delay in the P arrival time due to a crust 30 km thicker than normal and for a ray travelling a distance of 40", is of the order of 1 s. Thus the origin times of the Tibetan earthquakes given by the ISC are probably about 1 s too late and the correction of the S-wave travel time due The vertical lines are separated by 4 s, and the first such line is aligned with the arrival from the 400 km discontinuity at NDI. This path is purely in the Indian Shield. The arrivals from the 4 0 0 km discontinuity to H Y B and QUE from earthquakes in Tibet clearly are delayed by about 8 and 9 s respectively. The rays reflected from the 4 0~ km discontinuity to SHL apparently are not delayed. These rays do not sample the uppermost part of the mantle beneath Tibet. These data indicate low velocities beneath Tibet shallower than 400 km.
to the Tibetan crustal structure should not he larger than 3.5s. Therefore, from the 8 s delay observed for the paths to HYB or QUE, a minimum delay of 3.5 s, and more likely of 4.5 s, must have its source in the upper mantle of Tibet. Furthermore the delay must occur in the uppermost part of the mantle because (1) the path to HYB samples Tibet only in the first 250 km or so, and (2) the paths to SHL are not delayed and sample Tibet mostly at depths from 250 to 400 km.
Again a 3.5 s delay implies a mean velocity of about 4.45 km s-' between 70 and 250 km, if the mean velocity in the Indian Shield is assumed to be 4.65 km s-l between 40 and 250 km. The SS phases presented above were delayed at least 12 s in the upper mantle for a path sampling northern Tibet, which would correspond to a 6 s delay for a single S-wave. This is not inconsistent with the 3.5-4.5 s minimum delay found here since the SS travel time can be affected by other heterogeneities and heterogeneities within the plateau are very likely (Molnar & Chen 1984; Ni & Barazangi 1983) .
A seismogram with a path sampling part of Tibet from an earthquake in the central part of Tibet to KOD, recorded at a distance of 24.5" (Fig. 7) also shows evidence for a delay in the arrival from the 400km discontinuity. At this distance, the first arrival is a direct ray bottoming below the 660km discontinuity followed by the arrival from a ray bottoming above the 660 km discontinuity, which creates the complication in the beginning of the waveform. There is another separate phase arriving in the latter part of the seismogram that is not distinct on the synthetic seismogram computed for a pure Indian Shield structure for the path) with synthetic seismograms computed using a shield structure SH (bottom) and a structure with upper mantle velocities intermediate between those of TI and SH (top) for which the mean velocity between 40 and 250 km is 4.53 km s-'. For the shield structure the ray from the 400 km branch arrives too early to be seen as a separate arrival in the waveform.
( Fig. 7) . It is explained here as being created by the arrival from the 400 km discontinuity, which for the shield structure arrives earlier and cannot be observed as a separate phase on the seismogram. The mean velocity between 40 and 250 km used here is 4.53 km s-' which is intermediate between the shield and Tibetan velocities inferred from above. Note that this mean velocity is derived from the relative timing between the 660 and the 400 km discontinuity arrivals rather than from the absolute arrival time of the SH phase like those discussed above.
Paths across the Tibetan Plateau
Because most of the collected seismograms do not correspond to pure paths and sample areas with large heterogeneties, the travel times are quite scattered (Fig. 8) and the seismograms are not as easy to interpret as those for the Indian Sheld. For example, as shown in Fig. 6 , travel times for paths across Tibet but from earthquakes outside Tibet can be quite different from those from earthquakes within Tibet that travel the same distance, just because of the effect of the thick Tibetan crust. Thus, rather than trying to obtain a good fit to all travel times and waveforms, I tried to isolate the features in the travel-time curve and in the waveforms that would give the most information about the large-scale structure of the upper 400 km and I discuss these below by comparing observed seismograms with calculated ones for only a few assumed structures.
An S, phase can be observed on most paths from 7-20", implying the existence of a lid with an apparent velocity between 4.65 and 4.8kms-l, in agreement with previous studies (Chen & Molnar 1981 ; Ni & Barazangi 1983) . Although quite scattered, the travel times of S, are about 10-1 2 s longer than those for the pure Indian Shield paths. This is true for paths with both epicentre and receiver within Tibet as well as for paths with the epicentre in Tibet and the receiver on the Indian Shield. A maximum delay of only 7 s is calculated to be due to a one-way path within the slow and thick crust of Tibet, assuming an uppermost mantle velocity of 4.7 km s-I. An extremely low crustal velocity ( . : 3 km s-') or a very thick crust (100 km or so) would be required t o explain the 10-12 s delay if it occurred solely within the Tibetan crust, Those hypotheses are ruled out by surface wave dispersion Table 2 . Different symbols are used depending on the paths: (0) to Indian Shield and G Y A and KMI, (A) to LZH and XAN and LSA, (u) for north-south paths. The travel-time curve plotted is that for the Indian Shield (Fig. 2) but delayed by 8 s for the S , branch and 4 s for the later ones. These are expected delays due only to the thick crust of Tibet with a low average crustal velocity. Note that most arrivals from the 400 km discontinuity are late but those from the north-south paths (=) originating in the Tien Shan, passing beneath Tibet and recorded at stations in India are on time or earlier.
curves. Probably strong lateral heterogeneities and changes in crustal thickness may affect the S, propagation, but it is difficult to imagine that they could cause an additional, systematic delay of 3-5 s. Thus it seems impossible for the delay of 10-12 s to occur solely in the Tibetan crust, especially since the crustal velocities for Tibet used here are already among the slowest allowed by the surface wave dispersion across Tibet. Probably the velocity in the lid beneath Tibet is slower by a few hundredths of km s-' than that in the lid beneath the Indian Shield; a difference of 0.02 km s-l will cause a difference in travel time of Table 4 . Synthetic seismograms using TIL, with a mean velocity between 250 and 400 km lower than model TI but with higher velocity above 250 km, do not match the observed waveforms at distances of 20.1" and 24.0": at 24" the arrival time from the 400 krn branch that is the last phase coming, is late and at 20.1", because of the low velocity above 400 km, the two rays that contribute to the first arrival, bottoming below and above the 400km discontinuity, arrive at different times and form the complicated waveform at the beginning of the seismogram. Also, because the overall mean velocity in the upper 400 km is larger in TIL than in TI, the arrival from the 6 6 0 km branch is earlier in TIL than in TI. The waveform at a distance of 18.4" is better explained by model TIS (Table 4 ) which has no lid and a lower mean velocity than model TI between 70 and 250 km. These data show that heterogeneities are present within Tibet but in all cases a mean velocity of 4.45 km s-' or less at depths between 7 0 and 250 km can better explain the waveforms.
The travel times of clear phases interpreted as reflections from the 400 km discontinuity are from 5 to 12s longer than those of the corresponding phases from the Indian Shield (Fig. 9) . If a 4 s delay is attributed to the extra thickness of crust beneath Tibet, the delay in the upper mantle is only 1-8 s. The paths with only 1 s delay are from earthquakes in eastern Tibet (15.08.67, 22.05.71, 22.07.72,  Table 2 ) where Molnar & Chen (1984) found relatively small S-P residuals of 1.5-1.9 s. The largest delays are for paths from earthquakes in central or northern Tibet to the shield and from events in southern Tibet to LZH and XAN. In contrast, along four paths that cross Tibet from north to south from earthquakes in ff. Lyon-Caen the Tien Shan to SHL, delays are only 2 s or less as discussed above (see also Fig. 6 ). Thus the phases reflected from 400 km again indicate that some low velocity material is present beneath most of Tibet, except possibly beneath the eastern part, and that this material is between depths of 70 and 250 km.
In general, waveforms at distances of 20-25" are not very sensitive to the presence or absence of a low velocity zone in the upper part of the mantle. They are, however, sensitive t o the mean velocity between 250 and 400km, as shown by synthetic seismograms computed for distances of 20.1" and 24.0" (Fig. 9) . If the mean velocity between 250 and I 0 20-KBL 60 s Figure 10 . In the lower figure the waveform at KBL shows that the relative arrival time of the ray from the 400 km branch with that of the direct ray and that of the 660 km branch can be accounted for by a structure such as SH but is too large if the mean velocity in the upper 400 km of the mantle is lower as in TI. In contrast, the waveform at QUE in the upper figure shows that the arrival time of the ray from the 4 0 0 km branch can be accounted for better by TI than by SH. Note the difference in the depth sampling of Tibet between the two paths: while the path to QUE samples the entire upper mantle beneath Tibet, the path to KBL only samples depths of 250-400 km. Thus this indicates that the mean velocity beneath Tibet between 250 and 400 km is comparable to that beneath the Indian Shield and that the low velocity zone is mostly confined to the region above 250 km. Downloaded from https://academic.oup.com/gji/article-abstract/86/3/727/614764 by guest on 23 December 2018 400 km is low (4.63 km sC1 in TIL instead of 4.68 km s-' in TI, Fig. 9 ) rays travelling below and above the 400 krn discontinuity arrive at different times and appear as two distinct phases on the synthetic seismogram at a distance of 20.1". For model TI, however, they both arrive at the same time and form a large amplitude signal. The arrival reflected from the 660 km discontinuity arrives in the latter part of the seismogram, and its timing relative to the arrival from the 400 km discontinuity is also predicted by model TI. This indicates that the mean velocity between 400 and 660 km is not very different from that for both TI and SH, and therefore that no resolvable heterogeneities can be detected in this depth range.
At a distance of 24.0", the arrival from above the 400 km discontinuity which spends most of its time between 250 and 400 km, arrives in the latter part of the S phase and forms the last large downward half-cycle. The difference in arrival time of this phase and that from the 660 km branch is well predicted by model TI (Fig. 9) . In contrast, model TIL with a lower velocity between 250 and 400km leads to an arrival 2.5-3.0s too late. This again indicates that the velocity between 250 and 400 km beneath Tibet is comparable to that beneath the Indian Shield in the same depth range and is not unusually low.
The waveforms at KBL and QUE ( Fig. 10 ) result from the interference of three rays: one bottoming below and one just above the 660 km discontinuity and a third one bottoming just above the 400 km discontinuity. This third arrival spends most of its time beneath Tibet between depths of 250 and 400 km. At station KBL the relative timing of this last ray with respect t o the other two earlier ones is well explained by model SH but is too large for model TI (Fig. 10) . The amplitude of the phase is, however, too large, as for the waveforms calculated for the Indian Shield (Fig. 3) . This may indicate a higher gradient between 250 and 400 km than that of model SH. In contrast the relative timing of these three arrivals at QUE from an earthquake within Tibet is better explained by model TI than by model SH capped by a crustal structure like that of Tibet. In this case the path beneath Tibet samples 38 -GYA A = 27.2" 60 s I I Figure 11 . Comparison of observed and synthetic seisniograms for an earthquake that occurred at a depth of 95 km beneath the Karakorum (1980 February 13, 36.4"N, 76.8"E) for which the paths pass beneath northern Tibet (XAN) and southern Tibet (GYA) (Fig. 9) . The two phases observed and indicated by arrows are rays bottoming below and above the 660 km discontinuity. The agreement of both the time separation and relative amplitude of the two phases with observations, indicates an absence of resolvable differences between the structure beneath the Canadian Shield, the Indian Shield or the Tibetan Plateau deeper than 500 km. depths of 10-400 km. The difference in the two paths (to KBL and QUE) is mainly in the upper 250 km and it can be explained by model TI that is about 4 per cent slower than model SH between 70 and 250 km.
The waveform at LZH at a distance of 18.4' from an earthquake in south-west Tibet (Fig. 9 ) seems to require a low velocity zone with somewhat lower velocities than that in model TI (model TIS, Table 4 ), with a mean velocity of 4.45 km s-l between 70 and 250 km and apparently with no lid or a very thin lid. This path has a larger part within Tibet than those at distances of 20.1 or 24.0" which are from earthquakes in the northern part of the Himalayas and no part within the Indian Shield. Thus 4.45 km sC1 is probably an upper bound for the mean velocity beneath Tibet between 70 and 250 km.
The match of both the relative timing and amplitudes (Fig. 11 ) of the two phases from below and above the 660 km discontinuity from an earthquake with a focal depth of 95 km beneath the Karakorum area and recorded at distances of 26.2" and 27.2" (see Fig, 9 for the path), indicates that both the amount of velocity change near the discontinuity and the gradient above it cannot, with data available at present, be distinguished from those beneath the Canadian Shield and Western United States which are assumed here.
Discussion
The travel times and waveforms presented in this study show: (1) India as well as the Himalayas are underlain by a shield structure with a relatively thick high velocity (ps, = 4.7 km s-') lid (probably at least 100 km thick) and a mean velocity between 40 and 250 km of 4.58-4.68 km s-'. ('2) There is a high velocity lid beneath most of Tibet with an apparent velocity between 4.65 and 4.8 km s-', but this lid cannot be thick because the mean velocity between 70 and 250 km is about 4.45 0.05 km s-'. This mean velocity is lower by 4 per cent or more than that beneath the Indian Shield. Only in southern and eastern Tibet might the mean velocity be more nearly that beneath India. The extent of the low velocity zone and the exact depth dependence of the velocity in the low velocity zone are not well constrained, but the low velocity zone cannot extend much below 250 km. (3) No resolvable large-scale differences in the velocity structure of the Indian Shield and the Tibetan plateau could be found below 250 or 300 km (Fig. 12) .
The results are consistent with positive S-P residuals obtained by Molnar & Chen (1984) for earthquakes in Tibet and show that the source of the observed delays is essentially in the upper 250 km beneath Tibet. Recent results obtained by Brandon & Romanowicz (1986) also agree with these conclusions. 'They are consistent with the idea that the Indian plate is now underthrusting beneath the Himalayas (e.g. Baranowski et al. 1984; Barazangi & Ni 1982; Molnar et al. 1977; Seeber, Armbruster & Quittmeyer 1981) but indicate that India is not being underthrust as a whole beneath the Tibetan Plateau at the present time, as suggested by Barazangi & Ni (1982) and Seeber et al. (1981) . If it were, we would expect the mean velocity down to about 200 km to be about the same in the two areas because heating by conduction solely is a very slow process and would take over 80 Myr. Moreover, the effect of increased pressure on the underthrust shield would actually tend to increase the velocities in the underthrust plate (Chen & Molnar 1981) . However, if the lower part of the lithosphere had been stripped of its upper part, heating by convection could become effective and could occur as a relatively rapid process (e.g. Houseman,McKenzie &Molnar 1981). Thus we cannot completely rule out the possibility that the Indian Shield has been underthrust beneath part of Tibet after the collision but, if it did, the lower part of its lithosphere must have been removed so that a rapid heating could occur.
Present underthrusting of the Indian Shield beneath Tibet (Barazangi & Ni 1982) , however, seems to be ruled out by our results because the high shield velocity does not extend beneath Tibet as thought by Barazangi & Ni (1982) . This is in agreement with the analysis of gravity anomalies in the Himalaya and southern Tibet, that indicates that the strength of the Indian plate does not support the load of Tibet at all (Lyon-Caen & Molnar 1983 . If the Indian plate has been underthrusting Tibet, it should have become very weak there and lost its strength. Moreover, some cold and dense material beneath southern Tibet, presumably representing the detached lower part of the Indian lithosphere, seems to be required to support the load of the High Himalayas (Lyon-Caen & Molnar 1983 . The results of this study do not give evidence for or against this hypothesis. The few paths that largely sample the Himalayas or southern Tibet indicate only upper mantle velocities comparable to that of the Indian Shield and the technique used probably cannot detect relatively small blocks of high velocities that may not be a continuous structure and may be quite localized in space.
